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BULK SINGLE CRYSTAL GALLIUM NITRIDE AND METHOD OF MAKING SAME 



DESCRIPTION 



Field of the Invention 

This invention relates to bulk single crystal binary, ternary or quaternary gallium nitride 
(Ga*N), including single crystal Ga*N substrate articles useful for formation of microelectronic 
structures thereon, as well as to an appertaining method of forming Ga*N in single crystal bulk 
form. 



Description of the Related Art 



The III-V nitrides, in consequence of their electronic and optical properties and 
heterostructure character, are highly advantageous in the fabrication of a wide range of 
microelectronic structures. In addition to their wide band gaps, the IH-V nitrides also have direct 
band gaps and are able to form alloys which permit fabrication of well lattice-matched 
heterostructures. Consequently, devices made from the III-V nitrides can operate at high 
temperatures, with high power capabilities, and can efficiently emit light in the blue and ultraviolet 
regions of the electromagnetic spectrum. Devices fabricated from III-V nitrides have applications 
in full color displays, super-luminescent light-emitting diodes (LEDs), high density optical storage 
systems, excitation sources for spectroscopic analysis applications, etc. High temperature 
applications are found in automotive and aeronautical electronics. 

To effectively utilize the aforementioned advantages of the 1D-V nitrides, however, requires 
that such materials have device quality and a structure accommodating abrupt heterostructure 
interfaces, viz., ffl-V nitrides must be of single crystal character, substantially free of defects that 
are electrically or optically active. 



A particularly advantageous ID-V nitride is GaN. This nitride species can be utilized in 
combination with aluminum nitride (A1N) to provide optically efficient, high temperature, wide 
band gap heterostructure semiconductor systems having a convenient, closely matched 
heterostructure character similar to that of GaAs/AlAs. Small amounts of indium nitride may be 
added to GaN or A1N while maintaining acceptable lattice match. 
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tend. °Z?TT e adVan,a8eS ™ tahere "" ^ «* — P-*** « <he shorthand 
tank MGaN, wberem M is . me,a. compatible wi«h Ga and N in ft. composition MOaN and 
ft. composition MGaN is stable a, aandard temperature ^ pressure (2S'C and 1 amZbl 
pressure) conditions. Examples of potent* M species inclnde Ai and In. Snch cJZZZL, 

«^ campatiH. — Provides qnaterna^ alloys of general fonnnla M,.,. y M' y Oa x N where M 

7 ™ ^ i0 M md to ' - — » ran S e .om „' to si 

qnatemary alloys are referred to by shorthand fonnnla AlGalnN. 

Alloys of OaN, A1N or UN Witt, silicon carbide (SiQ may be advantages because tttev 
ZZZ. ^^-elntt.ep^.beendimcnl.^gr^rrr 

For ease of reference in the ensuing disclosure, therefore, the term »Ga-N» is defined as 
n^udntg binary GaN), ternary (MGaN), and quaternary (MM'GaN) type gautum^d" 

^aZaX r mpies "*~ compounds inciude ^ **■ ^ 

modifications and all SIC polytypes. .uoneorai 

of Ga-N^ ^ " «"* ■» highly advantageons «, provide substrates 

f' ! " °" °' hettro *P i '«W «"*»• Unfortunately, however i, 

heretofore has not been possible to produce GaN in single crystal bulk form and for all Ga*N 
matenals, growth of high quality bu,k sing.e crystels has been fraught Witt. ^ 

It therefore would be a significant advance in the microelectronics an, and is 
correspondingly an object of the present invention, to provide Ga-N in bulk sinnle crvs, a , f„ 
suitable for use ttiereof as a substrate body for me fabrltton of nj^^^ 

formation'ofTr **? " ^ '° — «* for the 

formation of bulk single crystal Ga-N which is relatively simple and ma, be readily achieved 

-smgconvenuonal crystal growth techniques in an economic manner. 

SUMMARY OF THE INVENTION 
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In one aspect, the present invention relates to a method of making a single crystal Ga*N 
article, including the steps of: 

providing a substrate of crystalline material having a surface which is epitaxially compatible 
with Ga*N under the conditions of Ga*N growth; 

depositing a layer of single crystal Ga*N over the surface of the substrate; and 

etchably removing the substrate from the layer of single crystal Ga*N to yield the layer of 
single crystal Ga*N as said single crystal Ga*N article. 

A key point of this invention is that the substrate is etched away in situ, while the 
substrate/Ga*N structure is at or near the growth temperature. 

The substrate of crystalline material may for example include a material such as silicon, 
silicon carbide, gallium arsenide, sapphire, etc., for which a suitable etchant may be employed to 
remove the substrate by etching. In the case of silicon and gallium arsenide, for example, HC1 gas 
may be usefully employed. The layer of single crystal Ga*N may be deposited directly on the 
surface of the crystalline substrate, or alternatively it may be deposited on an uppermost surface of 
one or more intermediate layers which in turn are deposited on the crystalline substrate. The one 
or more intermediate layers may serve as a buffer layer to enhance the crystallinity or other 
characteristics of the Ga*N layer. 

In another aspect, the invention utilizes the outdiffusion of specific species from the 
substrate into the Ga*N layer to provide enhanced properties of the final Ga*N product. An 
example of this aspect is the growth of Ga*N on a silicon substrate. In this case, Si can be caused 
to diffuse out of the silicon substrate and into the Ga*N. This diffusion will form a thin Ga*N 
region which is heavily doped with silicon. Silicon-doped Ga*N is n-type, and this structure is 
advantageous in certain device structures, as for example for making ohmic contacts to the back 
surface of the Ga*N layer or for forming p-n junctions. 

In another aspect, the invention relates to bulk single crystal Ga*N articles, such as are 
suitable for use as substrates for the fabrication of microelectronic structures thereon. As used 
herein, the term "bulk single crystal Ga*N" refers to a body of single polytype crystalline Ga*N 
having three dimensional (x,y,z) character wherein each of the dimensions x, y is at least 100 
micrometers and the direction z is at least ljxm. In the preferred practice of the invention, the 
single crystal Ga*N product will be of cylindrical or disc-shaped form, with diameter d and 
thickness z, where d is at least 100 \xm and z is at least l^tm. In a preferred aspect, each of the 
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dimensions d and z is at least 200 micrometers. The bulk single crystal Ga*N article may most 
ZT2^2 3 thiCkDeSS dimeDSiOD 2 ° f ^ ^ miCT ° meterS ' ™« di ^ter which is at least 



th. e featUreS emb0dimentS of mven ^ win be more fully apparent from 

the ensuing disclosure and appended claims. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a perspective view of a bulk single crystal Ga*N article according to one aspect 
of the invention. 

Figure 2 is a side elevation view of a silicon substrate useful as a supporting base for 
deposition of single crystal Ga*N thereon. 

Figure 3 is a side elevation view of the silicon substrate of Figure 2, having a layer of 
single crystal Ga*N deposited thereon. 

Figure 4 is a side elevation view of the silicon/Ga*N structure of Figure 3, showing the 
etching action of a silicon etchant on the silicon substrate portion of the structure. 

Figure 5 is a side elevation view of the silicon substrate of Figure 2, having an intermediate 
layer of silicon-doped n-type Ga*N thereon, with an upper layer of single crystal Ga*N deposited 
on the top surface of the intermediate layer of silicon-doped n-type Ga*N. 

Figure 6 is a side elevation view of the article of Figure 5 after removal of the substrate 
portion thereof, yielding a product article comprising a layer of single crystal Ga*N having 
associated therewith a bottom surface layer of silicon-doped n-type Ga*N. 

Figure 7 is a schematic depiction of a light emitting diode device fabricated on a single 
crystal Ga*N article according to one aspect of the invention. 

Figure 8 is a schematic depiction of an ohmic contact structure fabricated on a single crystal 
Ga*N article according to one aspect of the invention. 

Figures 9-11 are consecutive schematics of a wafer carrier suitable for carrying out the 
process of the present invention, showing (9) the sacrificial substrate at the start of the Ga*N 
growth, (10) a Ga*N layer grown on the sacrificial substrate, and (11) the Ga*N substrate after 
removal of the sacrificial substrate. 



SUBSTITUTE SHEET (RULE 26) 
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DETAILED DESCRIPTION OF THE INVENTION, AND PREFERRED 

EMBODIMENTS THEREOF 

The pre*., invention is based on be discover tt>a« single costal Ga-N articles of a self- 
support** soncmra. cnamoe, can be readily formed by be deposition of single csysta! Ga-N on a 
subsnate eprtaxiaily compatible wib be stogto ays*, Ga-N, followed by JLZ££J£ 

™*r Km ~- * — - * * -y tZiiz 

crysta> Oa-N, a, be Oa-N grow* temper, ,o yie,d be single cryata. Ga-N as a produr* 

.„«. S TT "° ° a * N SUbMra,eS C " ,Te, " l) ' (beferc te makm « ° f a* P"*»« invention) exist 

77"^ mUS ' iniUa " y ^ ^ fot example Ga^ o'nicoa 

Two types of defecK anse as a result of hetetoepitaxial gxowb. fbe fits, is dislocations due to be 

wtoch has a 13 .8% lattice mismatch to GaN. SiC is a closet ,anice match (-3%), but be mismatch 
■s still q m,e large. Many obersubsna.es have been used, but all of bem have 4e la«L 
nusmatchesandresmtinahighdensityofdefeoBinbegrownlayers. 

resul, J^^T,^ T ^ " diS,OCa,IO,,S dUrin 8 < = ool d °'™ ^t grow* as a 

result of drfferen. bermal coefficieors of expansion of be subsnate and epiraxial layer In 

defects'**"^ present invention, a mebod for reducing or eliminating be generation of bese 

defeos rs employed ,o produce large area, high q ualiry single crysra. Ga-N subLes. 

nuclei Z£ 5fT ' " whM > * 

nucleated be Ga N layer. The Ga-N layer is grown on be substrate to be deshed bickness and 

SuibbT. r b T"" aWSy ' ^ M ttmperatUreS «*- - - -Peramt 
™Z££?%? n * rC - m * m '*~-* '^«^ •Cofbe.mpe.mre.whicn 

CM > T ^ " i " fag fr ° m *' latBCe miS,na,Ch m IatacKl ta *~»y "y Btowing duck 

brekness, and m be practice of be present invention, vety bick (25-lOOOMm) layers L be 
g^wn. to fat,, f be sacrificial substrate is more easily deformable ban Ga-N and is van bin 

growb of a duck overhryer of Ga-N may have be effect of pushing be defeas into be sacnLal 
^bsnare leavmg a subsbntially defect-ffe. Ga-N single crysu. produc, after be etching sreT 

^und. " ^ * **" redUKd •*« b »*' W-ch may be a Igle 

compound, a composmonaUy gmded layer smrcture. or a superlabce stiucnrre compling 
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alternating layers A and B, where A and B are selected from GaN, A1N and InN and alloys of SiC 
with these nitrides. In general, the strained superlattice can comprise from 5 to 200 alternating 
A,B monolayers. By using such superlattices, it is possible to force misfit dislocations to the edge 
of the substrate instead of permitting them to propagate up into the growing layer. Such 
superlattice buffer layers have been characterized previously (Tischler et aL, Applied Physics 
Letters, 46, p. 294 (1985)). 

Dislocations due to the different thermal coefficients of expansion are eliminated in the 
practice of the present invention by in-situ etching of the substrate at or near the growth 
temperature. The in-situ etching may be effected by the introduction of halogenated gaseous 
species (i.e. HC1, HF, etc.) which will etchably remove the sacrificial substrate at temperatures 
close to the growth temperature. 

The Ga*N growth process may be performed in a two chamber system with the sacrificial 
substrate separating the two chambers of the system. By way of example, the two chambers may 
be separated by a carrier member having holes or openings in it which are the same size as the 
sacrificial substrate. Small tabs or other retention structures may be used on the bottom of the 
carrier member to hold the substrate in place. The Ga*N precursors are introduced in one chamber 
to cause the deposition of the Ga*N layer. The growth of the Ga*N layer proceeds both 
perpendicular as well as parallel to the substrate surface. After several hundred microns of 
growth, the Ga*N will extend over the edge of the sacrificial substrate. This overhang may assist 
in providing a suitable seal between the two chambers. Sealing is further enhanced during the 
growth process by keeping the pressures in the two chambers substantially equal or slightly lower 
in the deposition chamber, to minimize diffusion. During or after the growth of the Ga*N layer 
and without reducing the temperature, the gaseous etching species are introduced in the other 
chamber to etchably remove the substrate. 

Alternatively, an etchant may be chosen which preferentially etches the sacrificial substrate 
or the Ga*N layer may be grown to a much greater thickness than the thickness of the sacrificial 
substrate, so that upon etching, the single crystal Ga*N product remains. 

In one version of this process, the Ga*N layer is deposited and then the substrate is 
etchably removed. In another embodiment of this process, Ga*N deposition and substrate 
removal are performed simultaneously. 

As a result, the sacrificial substrate is removed, leaving the Ga*N layer sitting in the recess 
of the carrier member. During the etching sequence, cross-diffusion may be minimized by keeping 
thn pressure in the growth chamber equal to or slightly higher than the pressure in the etching 
chamber. Finally, the carrier member may be withdrawn to unload the two-chamber system. 
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for * T' £ " >m *" S " Ch W0 ^ ton "« ^tem, or other apparatus sysrem 

to another embodiment of Ms process, the growttt takes place to a multi-reactor system 

sMeTtoe T " ttanSfe ' red '° ° «*« «*«*- 1-» *e otoer 

stde of me subsoate is exposed to gas species to etch off toe original substrate material. 

kh^J^T*? 0nthe ^ 80315 ° f ^ tmCCSS - could take place to either toe 
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Ga Ndeposmon on a large number of substrates, to another embodiment, growm could ake 

^ "° a ^ C OTbod taent, the sacrificial substrate is silicon and toe substrate to be 
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prov.de a clean nucleanon layer for subsequent growttt. The supply (flow) of toe silicon 
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of toeo^r '° " **" "**- (1 - 1000>m - 100 -^) - »• supp» 
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r~ (7(KM200 ° C) - ^ ^ «— ' -■»— - ^ ^ WC^l 
ST ^ ** T" ,ha, " SUiUb ' e f ° rb0lh ~" * ^ ™» -"Hie 

The growto of GaN layers or films by vapor phase processes is well-known in the at, 
GaN may be grown using WmetoylgaMum and ammonia precursors. This process produces hid. 

Sir ; T fc pr ~ Me We Md GaN ■ * * 

wall reactor, which may complicate heating of the substrate during the etching step. Alternatively 
GaN may be grown by a chemical vapor transport method, in which gallium and Inton^' 
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It will be understood from the foregoing that in addition to GaN, other Ga*N species can 
be grown in a similar fashion. In fact, Ga*N ternary or quaternary species of precisely specified 
or of graded composition can be easily produced because the composition is controlled by the gas 
phase composition during growth. Controlling composition by controlling the ratio of gas phase 
reactants is much easier than composition control when growth occurs from a liquid melt. 
Substrates with variations in dopant concentration or in dopant type can also be easily produced. 
Other materials besides the m-V nitrides could also be grown in this fashion, for example silicon 
carbide. Some suitable sacrificial substrates for this process include silicon, GaAs and InP. 

It is possible that the constituents of the sacrificial substrate may act as a dopant for the 
desired substrate layer, either by a solid state diffusion process through the interface between the 
sacrificial substrate and into the Ga*N layer or by "auto-doping," wherein the some amount of the 
sacrificial substrate material enters the vapor phase at the growth temperature and dopes the Ga*N 
layer as it is growing. If this latter situation is the case, the back side of the sacrificial substrate 
could be covered with a suitable mask such as silicon dioxide or silicon nitride to prevent 
autodoping of the grown layer. However, there may be some diffusion of the sacrificial substrate 
material into the desired grown layer at the interface. This could be beneficial, as for example in 
the case of a sacrificial silicon substrate and a grown GaN layer, in which the silicon would form a 
heavily doped n-type layer at the back of the substrate. Such heavily doped n-type layer would be 
advantageous for forming n-type ohmic contacts. If this layer were not desired, it could be etched 
or polished off after the growth process had been completed. 

The advantages of the method of the present invention are: 

1. Large diameter substrates can be produced. The limit is the available size of the sacrificial 
substrate. For example if the sacrificial substrate is silicon, this could produce substrates greater 
than 10 inches in diameter. 

2. The substrates are essentially ready for subsequent processing after growth. No orienting, 
coring, flatting, or sawing are required as in bulk growth. Some minor polishing may be required. 

3. Many substrates can be produced simultaneously. 

4. No defects from thermal coefficient of expansion differences are produced. 

5. The defect density can be further reduced by using buffer layers such as a strained layer 
superlattice. 
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6. Heavily doped back contact layers for ohmic contacts may be produced. 

7. Substrates of varying compositions can be easily produced. For example ternary substrates 
with pre-selected stoichiometries can be produced easily because the product composition is 
controlled by the gas phase composition. Such gas phase ratio control is much easier than 
composition control when growth occurs from a liquid melt. Substrates with compositional 
variations can also be easily produced, because the gas phase ratio can be varied during growth. 

8. The doping density in the substrates can be easily controlled, again by gas phase composition 
control. No problems associated with segregation coefficient issues are involved. In addition the 
doping in the substrate can be varied, if desired, throughout the thickness of the single crystal ' 
Ga*N substrate being prepared. 

9. In a potential embodiment, a single crystal Ga*N substrate and a device structure could be 
grown in one cycle. 

The sacrificial substrate epitaxially compatible with the single crystal Ga*N may be any 
suitable crystalline material, on which Ga*N may be deposited by suitable techniques, such as 

HI T iti0D teChniqUeS ' indUding ChCmiCal ^ depOSitiOD <P™>- chemica ' vapor transport 
(CVT), physical vapor deposition (PVD), plasma-assisted CVD, etc. Specific examples include 

sacrificial substrates of silicon, silicon carbide, gallium arsenide, sapphire, etc., with silicon and 
silicon carbide being most preferred. 

Figure 1 is a perspective view of a bulk single crystal Ga*N article 10 having a generally 
cyhndncal or discshaped form, in which the side face 12 defines a diameter d. A top main surface 
16 of this article is in spaced relationship to a corresponding bottom main surface (not shown) to 
define a thickness z there between, as measured perpendicularly to the plane of the top main 
surface 16. 



This bulk single crystal Ga*N has three dimensional character wherein the diameter is at 
least 100 micrometers and the z direction is at least l^n. In a preferred aspect, the dimensions d is 
at least 200 urn and z is at least 100 urn. The bulk single crystal Ga*N article may suitably have a 
thickness dimension z of at least 100 micrometers, and diameter at least 25 centimeters. 

Such article 10 may be utilized as a substrate for the formation of microelectronic 
structure^) thereon, e.g., on the top main surface 16 thereof. Illustrative microelectronic 
structure^) include components or assemblies for devices such as LEDs, lasers, transistors 
modulauon-doped transistors, with applications in full color displays, high density optical siorage 
systems, excitation sources for spectroscopic analysis applications, etc. 
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Figure 2 is a side elevation view of a silicon substrate 20 comprising a generally disc-like 
article 22 which is useful as a supporting base for deposition of single crystal Ga*N on a top main 
surface 24 thereof. The silicon substrate may be of any suitable type as regards its structure and 
method of formation. It will be recognized that the substrate itself may be of suitable material other 
than silicon, and in general any appropriate material may be employed which is useful for the 
deposition of Ga*N thereon. In one embodiment, the silicon substrate 20 may be extremely thin, 
to minimize the number of defects remaining in the Ga*N grown layer. 

On the top surface 24 of the silicon substrate article 22, Ga*N is deposited by any suitable 
deposition technique, such as those illustratively discussed hereinabove. For example, GaN may 
be deposited by the hydride or chloride techniques. In another embodiment, GaN may be 
deposited in a nitrogen atmosphere in a chemical vapor deposition reactor, using a suitable 
organometallic source reagent for the gallium component of the GaN film or layer to be laid down 
on top surface 24. 

Suitable source reagents for the gallium component of the Ga*N film or layer include 
gallium and gallium alkyl compounds such as trimethylgallium. In general, the gallium source 
reagent may comprise any suitable precursor compound or complex which undergoes little 
decomposition at standard temperature and pressure condition (25°C, one atmosphere pressure) 
and which is suitably decomposable at elevated temperature to combine with a suitable nitrogen 
source to form the GaN layer. It is understood by those familiar in the field that this should be 
done without formation of by-products which may contaminate or otherwise preclude the efficacy 
or utility of the deposited Ga*N film or layer, or which may impair the efficiency of such film or 
layer. It is also understood by those experienced in the field that other column III elements may be 
added or substituted for the Ga precursor. For example In and Al precursors may be used to form 
Ga*N compounds. 

The deposition of the Ga*N layer is performed in a modified system made of conventional 
crystal growth components as described above. 

Figure 3 is a side elevation view of the silicon substrate 20 of Figure 2, having a layer of 
single crystal Ga*N 26 deposited on the top surface 24 of the silicon disc-like article 22 by 
deposition techniques as described hereinabove. 

Figure 4 is a side elevation view of the silicon/Ga*N structure of Figure 3, showing the 
etching action of a silicon etchant on the silicon substrate portion of the structure. For silicon 
substrates, hydrogen chloride is a gaseous etchant that is etchingly effective at the Ga*N growth 
temperature. If the substrate is some material other than silicon, an etchant that is appropriate for 
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that material must be chosen. Hydrogen chloride also may be used to etch gallium arsenide but 
silicon carbide and sapphire may require more aggressive etching treatments. Consistent with the 
process requirements as to purity and low particulate concentrations, the etching process may be 
assisted by plasma, laser radiation, etc. as may especially be required with the more refractory 
substrates such as silicon carbide or sapphire. 

Figure 5 is a side elevation view of the silicon substrate of Figure 2, having an intermediate 
layer of silicon-doped n-type Ga*N thereon, with an upper layer of single crystal Ga*N deposited 
on the top surface of the intermediate layer of silicon-doped n-type Ga*N. 

The methodology of the present invention may be utilized to form gallium nitride articles of 
very large size, such as 3 inch diameter wafers or even wafers as large as 18 inches in diameter 
Accordingly, the Ga*N layers deposited on such substrates have corresponding dimensions and 
thus provide substrate bodies of very large size, as suitable for forming a plurality of 
microelectronic structures on the surface of the Ga*N formed by the process of the present 
invention. 

Figure 6 is a side elevation view of the article of Figure 5 after removal of the substrate 
portion thereof, yielding a product article comprising a layer of single crystal Ga*N 26 bavin* 
associated therewith on its bottom surface a layer 30 of sUicon-doped n-type Ga*N. 

The article shown in Figure 6 thus comprises a layer of gallium nitride, having a thickness 
of form example 300 micrometers, with a heavily n-type silicon-doped layer on the bottom This 
n-type layer is useful for making low resistance ohmic contacts to n-type Ga*N. 

It will be recognized that the description of n-type silicon doped Ga*N on the bottom of the 
grown Ga'N layer is intended for illustrative purposes only, and in practice the dopant may be of 
suitable material which is epitaxiaUy compatible with the original base or substrate layer and the 
Ga N layer and advantageous in the processing or products structure of the Ga*N articles of the 
invention. 

Alternatively, an interlayer may be employed between the original base and substrate layer 
and the layer of Ga*N to enhance the crystallinity or other characteristics of the grown Ga*N 
layer. This so-called buffer layer is commonly used in heteroepitaxial growth to improve crystal 
quality. For example, in this case it may comprise a grown layer of silicon on the sacrificial silicon 
substrate, to improve the surface of the substrate before deposition of the Ga*N. The buffer layer 
may comprise one or more strained layers such as a superiattice. As a still further alternative the 
interlayer may comprise a release layer or thin film of a coating or material which assists the ' 
removal of the Ga*N layer from the original base or substrate layer. The sacrificial substrate may 
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be of extremely thin thickness, not only to facilitate its subsequent removal by etching, but also to 
increase the probability that defects generated during Ga*N growth will end up in the sacrificial 
substrate layer. 

Figure 7 is a schematic depiction of a light emitting diode device 70 fabricated on an n-type 
single crystal GaN substrate 74 according to one aspect of the invention. In this example, on one 
surface of the substrate 74 an epitaxial n-type GaN layer 73 is grown, followed by a p-type GaN 
layer 72. An electrical contact 71 is made to the upper p-type GaN layer, and an electrical contact 
75 is made to the GaN substrate. The contacts may be formed of any suitable material known in 
the art, as for example nickel, gold, germanium or indium. Electron current flows in the n to p 
direction, and light is emitted in the blue to ultraviolet wavelength region as recombination occurs. 

Figure 8 is a schematic depiction of an ohmic contact structure 80 fabricated on a single 
crystal GaN article 81 according to one aspect of the invention. Silicon-doped GaN layer 82 is 
formed by diffusion of silicon out of a sacrificial silicon substrate during the growth of the single 
crystal GaN article, as described above. After the silicon substrate has been etched away, metal 
layer 83 is deposited on the silicon-doped GaN layer. The metal layer may be formed of any 
suitable contacting material known in the art, as for example nickel, gold, germanium or indium, 
which can provide a low-resistance electrical contact to the GaN substrate via the doped layer. 

Figures 9-11 are consecutive schematics of a wafer carrier 91 suitable for carrying out the 
process of the present invention, showing (9) the sacrificial substrate 92 at the start of the Ga*N 
growth, (10) a Ga*N structure 93 grown on the sacrificial substrate, and (11) the Ga*N structure 
93 after removal of the sacrificial substrate. Such a wafer carrier could, for example, be used in a 
two-chambered reactor system where the wafer carrier separates the two chambers. Small tabs on 
the bottom of the carrier hold the sacrificial substrate in place, as shown in Figure 9). Ga*N 
growth occurs in the top chamber. Growth proceeds both perpendicularly to as well as parallel to 
the substrate surface. After several hundred microns of growth, the Ga*N will extend over the 
edge of the sacrificial substrate, as shown in Figure 10. This overhang helps provide a seal 
between the two chambers. Sealing is further enhanced during the growth by keeping the 
pressures in the two chambers approximately equal or slightly lower in the deposition chamber to 
minimize diffusion. Without allowing the temperature to vary more than 100°C, and preferably 
less than 25°C, the etchant species is introduced into the lower chamber. The sacrificial substrate 
is etched away, leaving the Ga*N layer sitting in the recess of the carrier as shown in Figure 11. 
During the etching sequence, cross-diffusion is minimized by keeping the pressure in the upper 
chamber equal to or slightly higher than in the lower chamber. Upon completion of etching and 
cool down, the carrier can then be withdrawn from the reactor to unload the system. It is clear that 
this type of system can be scaled up to process many sacrificial substrates simultaneously. 
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As mention* above, the Ga-N talk raysral manual of «ta invention contemplates binary 

tT" ^ r emM5 ' ^ 00mP ° U ™ iS - -»«■ »<i all possible cryll 

forms, mcludrng ail cubtc, hexagonal and rhombohedra, modiUcattons and all SiC polvtvpes 

^ZTT^ ^ *— » -PO-^sX 

AlGaN or AlGalnN are also environed, as are Ga-N materials in which Ibe dopan, concentradon 

fv^JT'^ toVen,i0n *" been deSClibea KgMd '° ■»«*» structure and 

feamres, „ wd. be recogmzer. that the invention may be modified or otherwise adapred to a specie 
end use apphcahon, and all variadons, modiiicadons, and embodiment of the invention L 
are to be regarded as being within «he spin, and scope of the invention. 

BEST MODE OF CARRYING OUT THE INVENTION 

In the presenfly preferred practice, the present invenflon may be carried ont with the 

TsZT^ 0, ? a ' N lay " '° 3 * fcb - * * - - " sac^l 

^tate such as prevrously grewn Ga-N, followed by in-situ etch removal „, me substrate with 

Z^Z :1TTT " flUOrina,ed ^ (U ' « a ' «*. - « -peral! 

w^un '°. deireeS r Cent, « ri ' de - — P refe 'ably within 5 degrees Centigrade, and most preferably 
wtthrn 2 degrees Centigrade of the temperature utilized for Ga*N layer growth. 

The Ga-N growth process is carried out In a two chamber system with the sacrificial 
substate Ween the two chambers, which are maintain*, a. pressure levels relativcToTe 

~ w 7c T signfflcam imerchambei diffusion ^ - "« 

matenal A Ga N precursor is introduced in one chamber to cause the deposition of the Ga-N 
3 ~ f"* ° f te Ga * N ** radicular and paraHeUo me 

me^T T T hUndled mia0nS " 8r ° W,h ' *» Ga * N wiU «— "«r me edge of 

the sacnfical substiate to assist in providing a seal between the two chambers. The etching 

spec.es are ■nhoduce* in me other chamber .o etchably remove me substrate, with .ttJL, 

-»d our errher concurren, with or subsequent me deposition/growm process. Alter a 

muln-reactor system is employed, where flxs, one side of the substrate is exposer, ,o the I 

fO ' d T W0 ° °' **" fcU ~ d b * *—» ' - - — ^) to a 

ddferent chamber where me other side of the subsrrate is expos* * gas species to etch off me 

tonettcally limned regime or the mass transport limited regime. 

re™ ^ 3 TT emb0dilnen, • 0aN 15 fom >ad on silicon by hearing the silicon to the growth 
remperarure (m me range of 800-1300-C, e.g., lOOO-llOCTQ and inhoducing the growT 
precmsors for GaN formadon, optionally wim initial growm ofa silicon buffer layer on me silicon 
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substrate to provide a clean nucleation layer for subsequent growth. After the supply (flow) of the 
silicon precursors is discontinued, the supply (flow) of the GaN precursors, e.g., trimethyl 
gallium and ammonia, is initiated to achieve growth of the GaN layer to 5-1000fim. The supply 
(flow) of the GaN precursors is turned off, and HQ is used to etch-remove the (optionally pre- 
thinned) silicon at a temperature in the range of 700-1200 degrees Centigrade, following which the 
remaining GaN layer is cooled and removed from the reactor. 

The resulting bulk single crystal Ga*N has three dimensional (x,y,z) character wherein 
each of the dimensions x, y is at least 100 and more preferably at least 200 micrometers and the z 
direction is at least 5[xm and more preferably 100 micrometers, and most preferably at least 200 
micrometers. 

INDUSTRIAL APPLICABILITY 

The Ga*N articles of the present invention have potential utility in the fabrication of a wide 
variety of microelectronic devices, e.g., Ga*N-based blue light emitting diodes, UV light emitting 
diodes, lasers, high temperature electronic devices, full color displays, high density optical storage 
devices, and excitation sources for spectroscopic applications. 
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THE CLAIMS 

What is claimed is: 

1. A method of making a single crystal Ga*N article, including the steps of: 
with 3 ° f mat6rial h3Ving 3 SUrf - wWch is ™* compatible 



depositing a layer of single crystal Ga*N over a surface of the substrate; 



and 



etehably removing the substrate tan toe ,a,e r of siogle crystal Ga*N while the crystal is 

2. A method according to claim 1, wherein the subsaate of crystalltae material is formed 

,rom * 8roup consis,ta£ of sUicon - saicon — ~ 

3. A method according to claim 1, wherein me substrate of crystalline material is formed 
of a matem. selected from me ga.up cons^ng of silicon, sUicon crubide, and gaUiun, aJeTdf 
tern- TT ,S r haWy rem ° VKl "° m * e l3yer ° f Sfa * k ^ Ga*N at or near the gr!wm 

nZTT " ? 8 °' *' S **™ "*« 3 835 WWch *• materia, bufd^T 

not etch the single crystal Ga*N material. 

4. A method according to claim 1, wherein the substrate of crystalline material is formed 

ITT fr ° m 1116 gr ° UP ***** ° f SUiCOn ' SiHC0D - d ^ium arLTde 

tTmn? rT T haWy ~ fr ° m ^ ° f S ^le crystal Ga^Nat or near the ^ 
temperature, by etclung of the substrate using a gas which etches the substrate material at a Ze 
rapid rate than it etches the single crystal Ga*N material. 

5. A method according to claim 1, wherein the layer of single crystal Ga*N is deposited 
directly on said surface of the crystalline substrate. deposited 

6. A method according to claim 1, wherein an intermediate layer of epitaxially related 
crysulhne material is deposited directly on said surface of the crystallme subLe, Jd metyer of 
single crystal Ga*N is deposited directly on an upper surface of the intermediate 1 yTr 
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7. A method according to claim 6, wherein the substrate crystalline material comprises 
silicon, the intermediate layer of epitaxially related crystalline material comprises silicon, and the 
layer of single crystal Ga*N comprises a GaN layer. 

8. A method according to claim 6, wherein the intermediate layer of epitaxially related 
crystalline material comprises a strained layer superlattice. 

9. A method according to claim 8, wherein the strained superlattice comprises from 5 to 
100 alternating monolayers of two materials selected from the group consisting of A1N, InN, GaN 
and alloys of SiC with one or more of A1N, InN, and GaN. 

10. A method according to claim 1 wherein the substrate crystalline material or a 
component of the substrate crystalline material is diffused out of the substrate into the Ga*N layer, 
for incorporation of the substrate crystalline material or a component thereof in the Ga*N layer as a 
dopant thereof. 

11. A method according to claim 10, wherein the substrate crystalline material comprises 
silicon and wherein the silicon substrate is etchably removed with HQ gas to yield the Ga*N layer 
having a silicon-doped Ga*N surface region for formation of ohmic contacts thereon. 

12. A method according to claim 1, wherein the layer of single crystal Ga*N comprises a 
GaN layer. 

13. A method according to claim 1, wherein the layer of single crystal Ga*N comprises an 
MGaN layer, wherein M is a metal compatible with Ga and N in the composition MGaN, and the 
composition MGaN is stable at standard temperature and pressure (25°C and 1 atmosphere 
pressure) conditions. 

14. A method according to claim 13, wherein M is selected from the group consists of Al 

and In. 

15. A method according to claim 1 where Ga*N is selected from the group consisting of 
SiC and alloys of SiC with one or more of A1N, GaN and InN. 

16. A method according to claim 1 where the thickness of the substrate is less than the 
thickness of the single crystal Ga*N layer. 
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17. A method according to claim 1, where the single crystal Ga*N layer comprises a 
composrtionally graded ternary metal nitride selected from the group consisting of AlGaN, InGaN, 
and AilnN. 



18. A method according to claim 1, where the single crystal Ga*N layer comprises 
varying dopant concentration. 

19. Bulk single crystal Ga*N. 

20. Bulk single crystal GaN. 



in the 



21. Bulk stogie crystal MGaN, wherein M is a metal compatible with Ga and N 
composition MGaN, and the composition MGaN is stable a. standard temperature and pressure 

c and 1 atmosphere pressure) conditions. 

22. Bulk single crystal MGaN according to claim 21, wherein M is selected from the 
group consisting of Al and In. 

23 ' Bulk si ^ le "J*-! MM'GaN, wherein M and M' are metals compatible with Ga and 
N „ the composition MNfGaN, and the composition MM'GaN is stable at standard temperature 
and pressure (25»C and 1 atmosphere pressure) conditions. temperature 

d iame t artide ° f ° ylindriCal ° r form wherein the 

diameter is at least 200 micrometers and the thickness is at least 1 micrometer. 

25. A bulk smgle costal Ga*Nar^^ 
thickness of at least 100 micrometers and the diameter is at least 2.5 centimeter. 



crystal Gz*K ^ ^ T ^ "** * *** ^ ° Ulk ™& 

Zrel " mPnSeS 3 haViD8 3 miCTOeleCtr ° nic d — structure or substructure formed 

27. A bulk single crystal Ga*N article according to claim 19, comprising a doped surface 

28. A bulk single crystal Ga*N article according to claim 27, wherein the doped surface 
region comprises silicon-doped Ga*N. 
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29. A bulk single crystal Ga*N article according to claim 28, wherein the silicon-doped 
surface region has an ohmic contact structure fabricated thereon. 

30. A bulk single crystal Ga*N article according to claim 19, where the single crystal 
Ga*N comprises a compositionally graded ternary metal nitride selected from the group consisting 
of AJGaN, InGaN, and AlInN. 
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